Introduction
Renal clear cell carcinoma (RCC), the most frequently occurring form of malignant kidney tumors, originates in the renal cortex, accounting for about 3% of adult malignancies and generally shows no obvious symptom at an early stage [1, 2] . To date, RCC is still ranked as the most common renal cancer and considered as one of the most treatment-resistant metastatic malignancies. Epidemiologic studies have demonstrated that taking amphetamine-containing diet pills regularly results in a 2-fold increase in RCC risk, and especially the risk rises along with the increasing dosage of amphetamines [3] . Furthermore, smoking, overweight, hypertension, obesity and dialysis for advanced kidney disease are also established as risk factors for RCC; however, no specific carcinogens have been identified [3] [4] [5] . Previous reports based on histopathological studies revealed that RCC, characterized by abnormal deposition with a high concentration of glycogen and lipid [6, 7] , displayed clinical manifestations and resistance to radiotherapy and chemotherapy. Immunocytochemical studies also suggested that RCC-derived gangliosides significantly suppress nuclear factor-kappa B activation in T cells and indirectly decrease antitumor immune responses in patients with RCCs [8] .
Examination and analysis based on the Cleveland Clinic Foundation's nephrectomy database with a 10-year follow-up study demonstrated that the width of the resection margin after nephronsparing surgery (NSS) for RCC does not significantly correlate with long-term disease progression [9, 10] . Namely, tumor size and stage cannot be employed as prognostic factors. In addition, RCC greatly shows a high proportion of metastasis when detected incidentally by ultrasonic imaging in an advanced stage due to the lack of specific biomarkers for early detection [11] . Taken together, historically RCC has been classified as a recalcitrant malignancy for diagnosis and treatment. Therefore, the surgical approach via a radical or partial nephrectomy remains the indispensable practice for the eradication of carcinoma as well as the curative mainstay treatment [12] . Up to now, many clinical research outcomes have not yet offered the potential or optimizing approach for personalizing treatment of individual patients, even though numerous underlying investigations concerning the abnormalities of RCC based on biochemical, cellular and morphological characterizations have been conducted [6, 8, [13] [14] [15] [16] [17] [18] .
On the basis of elucidating the cellular dysfunction mediated by some functional proteins within RCC, the recent advent of proteomics methodology have made the reliable and high-throughput identification of complex protein mixtures in biological tissues less tedious and more amendable to the comprehensive global analysis [19, 20] . The study of proteins at the level of the molecular and cellular systems by means of fast-evolving and state-of-the-art proteomics approach has provided a firm basis for unraveling the complex proteome profiles of total protein mixtures from whole tissues or cells of various sources [21] . Therefore, proteomic techniques have been employed to analyze the protein expression profile in elucidating the biochemical development and candidate biomarkers of RCC [20, [22] [23] [24] [25] with some success. The results suggest that RCC formation is highly correlated with metabolic incoordination and biochemical dysfunctions. However, many differentially expressed proteins or unknown regulatory factors which may play crucial roles in RCC abnormalities have not been identified in the previous studies and remain to be explored.
In this study we aim to conduct the comparative and quantitative proteome analysis between RCC and their nearby normal portion of the same tissue by means of gel-free shotgun proteomic approach coupled with stable isotope dimethyl labeling and nanoLC-MS/MS [26] [27] [28] [29] . The differentially expressed proteins identified by the quantitative approach will be employed to delineate the biosignaling pathways involved in the tumorigenesis of RCC. These results may help not only elucidate the pathogenesis of altered cellular function but also identify potential cellular targets for effective therapeutic application.
Materials and Methods

Chemicals and reagents
Quantitative reagent for protein contents was purchased from Bio-Rad (Hercules, CA). Trichloroacetic acid (TCA), trifluoroacetic acid (TFA), dithiothreitol (DTT), iodoacetamide (IAM), ethylenediaminetetraacetic acid (EDTA), sodium deoxycholate, sodium fluoride (NaF), formaldehyde-H 2, formaldehyde-D 2 and ammonium bicarbonate (NH 4 HCO 3 ), Triton X-100 were purchased from Sigma Aldrich (St. Louis, MO). Acetonitrile (ACN) and sodium phosphate were obtained from Merck (Darmstadt, Germany). Formic acid (FA), sodium acetate, sodium cyanoborohydride and sodium chloride (NaCl) were purchased from Riedel-de Haven (Seelze, Germany). Proteinase inhibitors (Complete™ Mini) were purchased from Roche (Mannheim, Germany). Sodium dodecyl sulfate (SDS) and urea were purchased from Amresco (Solon, OH). Modified sequencing-grade trypsin for in-gel digestion was purchased from Promega (Madison, WI). Water was deionized to 18 MΩ by a Milli-Q system (Millipore, Bedford, MA).
Sample collection
All the procedures used in this study were approved by the Ethical Committee of Clinical Research at Kaohsiung Medical University Hospital. We obtained RCC tissues and segmental parts of normal samples adjacent to RCC as controls from five patients who underwent the removal of RCC.
Normal or RCC tissues per gram were homogenized with the aid of a Polytron homogenizer in 1.5 mL extraction buffer (containing 10 mM Tris-HCl pH 7.4, 10 mM sodium phosphate, 150 mM NaCl, 0.1% SDS, 2 mM EDTA, 1% sodium deoxycholate, 100 mM NaF, 1% Triton X-100 and protease-inhibitor cocktail). The homogenates were transferred to 1.5 mL Eppendorf tubes and centrifuged at 13,000xg for 20 min at 4°C to remove debris and insoluble material. Aliquots of the supernatants were assayed for determination of total protein concentration using Coomassie protein assay reagent, and subsequently were stored at -80°C until analyzed.
Dimethyl labeling and peptide preparation
Volumes of lysates containing 100 μg of total proteins from normal or RCC tissues were adjusted to 60 μL and treated with 0.7 μL of 1 M DTT and 9.3 μL of 7.5% SDS at 95°C for 5 min before reduction. After the reaction, lysates were further treated with 8 μL of 50 mM IAM at room temperature for 30 min alkylation in the dark; subsequently proteins were precipitated by adding 52 μL of 50% TCA and incubated on ice for 15 min. After removing the supernatant by centrifugation at 13,000 x g for 5 min, the collected proteins were washed with 150 μL of 10% TCA, vortexed and centrifuged at 13,000 x g for 10 min. The precipitated proteins were washed again with 250 μL distilled H 2 O, vortexed and centrifuged under the same condition for 3 times. The resultant pellets were resuspended with 50 mM NH 4 HCO 3 (pH 8.5), then digested with 4 μg of trypsin for 8 h at 37°C and further dried in a vacuum centrifuge to remove NH 4 HCO 3 . The lyophilized peptides for normal and RCC samples re-dissolved in 180 μL of 100 mM sodium acetate at pH 5.5 were treated with 10 μL of 4% formaldehyde-H 2 and 10 μL 4% formaldehyde-D 2 , respectively [29, 30] and mixed thoroughly. The mixtures were vortexed for 5 min, immediately followed by the addition of 10 μL of 0.6 M sodium cyanoborohydride and vortexed for 1 h at room temperature. The resultant liquids were acidified by 10% TFA/ H 2 O to pH 2.0~3.0 and applied onto the in-house reverse phase C18 column pre-equilibrated with 200 μL of 0.1% TFA/H 2 O (pH 2.0~3.0) for desalting. The column was also washed with 200 μL of 0.1% TFA/H 2 O (pH 3.0) and then eluted with a stepwise ACN gradient from 50% to 100% in 0.1% TFA at room temperature.
Hydrophilic interaction chromatography (HILIC) for peptide separation
HILIC was performed on an L-7100 pump system with quaternary gradient capability (Hitachi, Tokyo, Japan) using a TSK gel Amide-80 HILIC column (2.0×150 mm, 3 μm; Tosoh Biosciences, Tokyo, Japan) [31] [32] [33] with a flow rate of 200 μL/min. Two buffers were used for gradient elution: solvent (A), 0.1% TFA in water, and solvent (B), 0.1% TFA in 100% ACN. The eluted fractions from the reverse-phase C18 column were each dissolved in 25 μL of solution containing 85% ACN and 0.1% TFA and then injected into the 20 μL sample loop. The gradient was processed as follows: 98% (B) for 5 min, 98-85% (B) for 5 min, 85-0% (B) for 40 min, 0% (B) for 5 min, 0-98% (B) for 2 min and 98% (B) for 3 min. A total of 10 fractions were collected (1.2 mL for each fraction) and dried in a vacuum centrifuge.
Nano LC-MS/MS analysis
The lyophilized powders were reconstituted in 10 μL of 0.1% FA in H 2 O and analyzed by LTQ Orbitrap XL (Thermo Fisher Scientific, San Jose, CA). Reverse phase nano-LC separation was performed on an Agilent 1200 series nano-flow system (Agilent Technologies, Santa Clara, CA). A total of 10 μL sample from collected fractions was loaded onto an Agilent Zorbax XDB C18 precolumn (0.35 mm, 5 μm), followed by separation using an in-house C18 column (i.d. 75 μm×15 cm, 3 μm). The mobile phases used were (A) 0.1% FA in water and (B) 0.1% FA in 100% ACN. A linear gradient from 5% to 95% of (B) over a 70-min period at a flow rate of 300 nL/min was applied. The peptides were analyzed in the positive ion mode by applying a voltage of 1.8 kV to the injection needle. The MS was operated in a data-dependent mode, in which one full scan was used with m/z 400-1600 in the Orbitrap at a scan rate of 30 ms/scan. The fragmentation was performed using the CID mode with collision energy of 35 V. A repeat duration of 30 s was applied to exclude the same m/z ions from the reselection for fragmentation. Xcalibur software (version 2.0.7, Thermo Fisher Scientific, San Jose, CA) was used for the management of instrument control, data acquisition, and data processing.
Protein database search and characterization
Peptides were identified by peak lists converted from the nanoLC-MS/MS spectra by bioinformatics searching against Homo sapiens taxonomy in the Swiss-Prot databases for exact matches using the Mascot search program (http://www.matrixscience.com) [34, 35] . Parameters were set as follows: a mass tolerance of 0.1 Da for precursor ions and 0.8 Da for fragment ions; no missed cleavage sites allowed for trypsin; carbamidomethyl cysteine specified as fixed modification; dimethylation specified as standard for the quantification; oxidized methionine and deamidated asparagine/glutamine as optional modification. Peptides were considered positively identified if their Mascot individual ion score was higher than 20 (p<0.05).
Subsequently, the analysis of peptide quantification ratio (D/H) for normal (hydrogen labeling) and RCC tissues (deuterium labeling) was carried out by Mascot Distiller program (version 2.3, Matrix Science Ltd., London, U.K.) using the average area of the first 3 isotopic peaks across the elution profile. The Mascot search data as well as quantification results from each fraction were also merged by this program that combined the peptide ratios matching the same sequence obtained from different fractions or at different retention time and charge states [30] . The identified proteins with up-and downregulation were further categorized based on their biological process and molecular function using the PANTHER classification system (http://www.pantherdb.org) as described in the previous studies [36] [37] [38] .
Construction of signaling pathways and network analysis of protein interaction
The software program (www.ingenuity.com) from Ingenuity Pathways Analysis (IPA, Ingenuity Systems, Redwood City, CA) was used for deriving the pathways and networks of protein interaction, and the involved prospective mechanism. Protein factors characterized by proteomic analysis were analyzed for their association with mapping related to canonical pathways deposited in the IPA library.
Results and Discussion
Analysis of protein expression levels by nanoLC-MS/MS
Quantitative proteome analysis by application of shotgun proteomics analysis coupled with stable isotope dimethyl labeling has been successfully used in examining candidate biomarkers or target factors in different types of cells due to the fact that this unique quantitative labeling approach can detect differentially expressed proteins at relatively low abundance [20, 26, 27, 30] . In this study, we conducted a comparative proteomics analysis of RCC by shotgun proteomic approach. A schematic of sample processing, separation and the subsequent workflow concerning trypsin digestion, dimethyl labeling and shotgun analysis is presented in Figure 1 . Initially, respective tryptic peptides with hydrogen and deuterium were mixed in a 1:1 (w/w) ratio and then enriched by the reverse-phase C 18 column. Owing to the fact that the enriched peptide population was too complex to be fully detected and characterized by a single LC-MS/MS run, the enriched peptides were fractionated by HILIC based on polarity difference, and then harvested into 10 fractions. Each fraction was analyzed by LC-LTQ-Orbitrap and the parameter used for searching identified peptides was set to allow for no missed cleavage. Most of the peptides were separated from a single or two adjacent HILIC fractions, and peptides identified by Mascot search program (http:// www.matrixscience.com) were accepted if their individual ion score was higher than 20, which had been a cutoff point used for the lowerquality MS/MS spectra [39] [40] [41] .
Identification and quantification of differentially expressed proteins
All peptide sequences identified from three data sets were merged for identification and quantification. Once the differentially expressed proteins with confident identification based on dimethyl labeling, enzyme digestion and peptide mass fingerprinting were completed, the peptide quantification ratio (D/H) was then obtained by Mascot Distiller program using the average area of the first 3 isotopic peaks across each elution profile [28, 30, 42] . Herein, the 18 up-regulated (D/H ratio ≥ 2) and 48 down-regulated (D/H ratio ≤ 0.5) proteins displayed in at least three of five RCC tissues were identified and listed in Tables 1 and 2 , respectively. The amino acid sequence coverage of the up-regulated proteins ranged from 22 to 68%. Many of these identified proteins in Figure 1 : Experimental scheme of the procedures used for the screening of differentially expressed proteins. After lysis and enzymatic digestion, peptides were labeled with stable isotope and the differentially dimethyl-labeled products were then analyzed after desalting and fractionation. The quantitative shotgun analysis of proteome changes from clinical samples of renal clear cell carcinoma (RCC) and normal tissues was carried out by using HILIC-C18 peptide separation and nano LC-MS/MS coupled with stable isotope dimethyl labeling. In addition, the up-regulated proteins including cytochrome b5, ATP synthase subunit beta, electron transfer flavoprotein subunit beta and alpha involved in ATP generation, keratin type II cytoskeletal 8, vimentin, tropomyosin alpha-1 chain and annexin family were also detected in shotgun approach and reported previously [20, 30, 43, 44] , signifying that this up-or down-regulated effect may be universal among patients. On top of these known proteins, several novel changes in differentially expressed proteins were found, including down-regulation of calbindin, glycine amidinotransferase, guanine deaminase, L-xylulose reductase, transthyretin, ribonuclease UK114, vitamin D-binding protein, Xaa-Pro dipeptidase, Na(+)/H(+) exchange regulatory cofactor NHE-RF1, bifunctional ATP-dependent dihydroxyacetone kinase/FAD-AMP lyase and up-regulation of 39S ribosomal protein L43 (MRPL43). Figure 2 showed the peaks for representative peptides, including glycine amidinotransferase and ribonuclease UK114 as mentioned above. The isotopic pairs of nano-LC and MS/MS CID spectra shown in Figure 2A Figure 2B showed that the isotopic pairs (quantification ratios) of nano-LC and MS/MS CID spectra of D 4 -and H 4 -labeled peptides (TTVLLADINDFNTVNEIYK) from ribonuclease UK114, which had m/z values of 1120.10 (+2) and 1124.13 (+2) respectively, and a D/H ratio of 0.03, were eluted simultaneously (~20 min) in HILIC fraction 5. The above results further confirmed the absence of an isotopic effect in the two-dimensional HILIC-C18 separation and excellent efficiency in separating dimethylated peptides fractionated by HILIC column. We hypothesize that the improved efficiency resulted mainly from the high orthogonality of HILIC and the reverse-phase C 18 column.
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All these differentially expressed proteins between RCC and normal tissues were further categorized using the PANTHER classification system. Functional distributions of these identified proteins were shown in Figure 3 . It is worth noting that binding and structural proteins accounted for 43% and 33% of up-regulated proteins, respectively ( Figure 3A ) and catalytic enzymes occupied as high as 73% of down-regulated proteins ( Figure 3B ). These identified proteins were also associated with a variety of biological processes such as cellular process (21%), transport (9%), metabolic process (14%), and cell communication (10%) as shown in Figure 4A ; a high proportion of down-regulated proteins involved in metabolism (59%), metabolites and energy (12%) were shown in Figure 4B . However, it is unexpected to find that many proteins of alterations, which include over-expression of periostin, basement membrane-specific heparan sulfate proteoglycan core protein, 2-oxoglutarate dehydrogenase, protein S100-A9, plastin-2, etc. or under-expression of cofilin-1, agmatinase, 60S acidic ribosomal protein P2, ras-related protein Rab-14, glutaredoxin-1, etc. were not universal among all the matched tissue pairs and shown only in one or two individual RCC samples in our study. For some patients, several identified proteins including cathepsin D, peptidyl-prolyl cis-trans isomerase A, heterogeneous nuclear ribonucleoproteins A2/B1, etc. in RCC tissues were shown to be anomalously lower, equal or higher than those in their matched normal tissues. The rudimentary reasons for these variations are not clear. It appears that a large number of matched sample pairs should be acquired in order to discriminate the subtle but crucial differences between RCC and corresponding normal tissues. This can certainly clarify whether these identified proteins with anomalous results are involved in the carcinogenesis. 
D = Deuterium labeling (RCC tissues); H = Hydrogen labeling (normal tissues)
RCC-associated proteins
It has been suggested that ribosomal proteins together with other related members are involved in promoting the interaction of ribosomes with the mitochondrial inner membrane and also in the synthesis of hydrophobic proteins. These hydrophobic proteins, components of the enzyme complexes in oxidative phosphorylation system, are responsible for about 90% ATP generation in eukaryotic organisms [45] . Interestingly, our study demonstrates that ATP generation components of mitochondrial proteins including cytochrome b5, ATP synthase subunit beta, electron transfer flavoprotein subunit beta and alpha were down-regulated. In addition, mitochondrial glycine amidinotransferase with D/H ratio ranging from 0.04 to 0.12 also showed 8.3 to 24.5 fold down-regulation in all five RCC tissues ( Table 2 ). This enzyme is responsible for catalyzing the committed step in the formation of creatine, which will facilitate to buffer the rapid changes in ADP/ATP ratio in tissues [46, 47] . The previous study [20] of another group also showed the down-regulation of ubiquinol cytochrome c reductase (UQCR) as well as NADH-ubiquinone oxidoreductase complex I in RCC. Based on these data, RCC can be characterized partially as a result of the dysfunction of energy buffering and altered energy metabolism. These results highlighted by a series of down-regulated proteins suggest that the clear-cut decrease of ATP generation components related to mitochondrial dysfunction appears to be involved in RCC carcinogenesis.
Furthermore, ribonuclease UK114, responsible for blocking translation by cleaving phosphodiester bonds only in single-stranded RNA, is an endoribonuclease predominantly present in human adult kidney and liver [48] . It has been reported that protein expression levels are remarkably reduced in hepatocellular tumors compared with normal liver tissues. This result gave rise to the suggestion that ribonuclease UK114 may be an important biomarker for hepatic carcinoma [49] . Therefore, our current observation demonstrates that the reduced expression of ribonuclease UK114 in RCC raises the possibility of its association and correlation with the pathologic status and carcinogenesis of RCC formation..
Construction of RCC signaling pathways and network based on bioinformatics
Theoretically, most of the related or disease-oriented factors, once quite a few or enough ones identified, may be clustered and classified into a specific pathway dominating the maintenance and progression of carcinogenic state. By a panel of these identified proteins, we can further construct the expected feasible pathways to account for the biochemical characterization related to RCC. In Figure 5 , these identified proteins mapped to canonical pathways from the Ingenuity Pathways Analysis (IPA, Ingenuity Systems) library were shown in green color to indicate the up-regulation and red color to indicate the down-regulation, and also displayed with different shapes to indicate the different functions. All the gray arrows indicate the biological interrelationships between these molecules. All arrows in the figure were supported by at least one reference from the literature, textbooks, or canonical information stored in the Ingenuity Knowledge Base. As shown in Figure 5A , up-regulated proteins including ANXA2, LGALS1, VIM and TPM1, to some extent, are involved in metastasis, angiogenesis, tumor invasion and growth; simultaneously, down-regulated ones including CRYAB, GSTA1, CALB1 and HSPD1 were categorized to apoptosis ( Figure 5B ). Namely, RCC was characterized not with a single enzymatic or cytoskeletal alteration but with a series of characteristic and functional changes.
In this result, several novel proteins identified by our shotgun approach were not mapped to the canonical pathway constructed in the database due to the fact that these proteins were not linked to functional interaction; however, the importance of these unmapped proteins with universal down-regulation cannot be overlooked and the potential of these proteins serving as candidate biomarkers will be validated by subjecting them into verification and validation using ion scanning of peptides measured and quantified in multiple reaction monitoring (MRM) mode of nano LC-MS/MS. Therefore, this proteomics approach demonstrates a prospective potential application to monitoring the expression level of a large number of cellular proteins and further offering more candidate proteins complementary to previously identified targets in the literature.
In conclusion, instead of one universal tumorigenesis enzyme being detected for some specific types of cancer, RCC involves a variety of protein factors including ANXA2, LGALS1, VIM and TPM1 related to metastasis, angiogenesis, tumor invasion and tumor growth, in addition to CRYAB, [50] GSTA1, CALB1 and HSPD1, which are linked to apoptosis function. Moreover, the clear-cut decrease of ATP generation components related to mitochondrial dysfunction appears to be also involved in RCC carcinogenesis. The systematic decreasespecific and high-throughput protocol based on multiple reaction monitoring (MRM) in order to verify and validate the potential biomarkers detected and identified from both RCC patients and healthy controls in the future. In the near future, our comparative proteome data from urine samples may not only offer a novel approach to further understand RCC metabolism in relation to its underlying mechanism of carcinogenesis, but also develop potential biomarker candidates for the non-invasive diagnosis and prognosis (Supplementary Data 1 and 2). 
